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Development  of  DC-ARM  Reflexive  Smart  Valve 


1.0  Summary 

A  DC-ARM  reflexive  smart  valve  is  an  assembly  of  valve  and  control  componenls  for  shipboard  fluid 
systems  capable  of  automat, cally  isolating  piping  damage.  Reflexive  smart  valve  technoloiTus ed  o 

££££££ a  tak  «  on  ship  personnel.  The  valvfcoLta fc 

•  Commercial  valve  and  actuator  combination  suitable  for  shipboard  fluid  systems, 

•  Microprocessor  and  communication  transceiver  embedded  in  the  valve  actuator,  ’ 

•  Pressure  sensors  embedded  in  the  valve  body  inlet  and  outlet. 

Control  logic  embedded  in  the  device  microprocessor  which’can  operate  the  valve  based  on  commands 
from  a  remote  supervisoiy  station,  commands 

^P,tU,ref  detJftl0n  and  isoIation  loSic  which  can  operate  the  valve  following  a  damage  event  based  on 
local  data  when  communication  beyond  the  smart  valve  is  severed,  and 

Communication  with  a  remote  supervisory  control  station  system  and/or  an  optional  system  controller. 

,  ,The  s^hemat'c  configuration  of  a  smart  valve  is  shown  in  Figure  1.  Multiple  valve  types  e  g  (butterfly 
globe,  gate  and  ball)  may  be  used  as  long  as  a  detectable  pressure  drop  is  available.  The  actuator  can  be 

TOutaPcuK  '  “'C"0,^-0pcra<fd’  or  hydraulic  depending  on  the  application  and  closing  time 

requirements.  The  valve  control  circuit  board  and  associated  software  are  provided  by  the  valve 

“Urer  TT  uPP!ICat,0nS  C,rCU,t  board  hardware  is  provided  by  the  valve  manufacturer  and  the 
software  is  provided  by  the  system  designer.  Layering  of  rupture  logic  software  may  be  used  to  provide  a 

defense-in-depth  approach  when  multiple  simultaneous  failures  are  experienced.  Elements  of  leak  detection 
logic  ma\  be  included  in  the  application  circuit  board  depending  on  the  application. 

n  ^r,nCCpt  Smart  valvc  has  bccn  Pcrfomied  on  the  fire  main  aboard  the  ex-USS  SHADWELL 

:  t}  ‘  I  Thc  smf  valvcs  successfully  isolated  a  rupture  with  isolation  times  ranging  from  15 
cconds  to  90  seconds.  In  addition,  the  smart  valvcs  were  able  to  distinguish  between  a  rupture  and  other 
t  ansicnts  such  as  actuation  of  vital  loads  and  a  pump  trip.  Following  actuation  of  a  vital  load  and  a  pump 

lino  T"  h3  VCS  ?,CratCdAaS  dCS'gncd  3nd  remaincd  °Pcn  Modifications  to  the  pressure  averaging 
algorithm  and  time  delay  software  can  reduce  the  isolation  times  to  less  than  30  seconds  with  the  exisfinf 
configuration  on  the  SHADWELL  fire  main  existing 


cI  ™  s in  h fZ "ldlCa!C  that‘hc  Prcssurc  measurements  provide  a  sensitive  indication  of 
cltcndcd  To\Cs I  ]  ?’  P°^sib  -  cnabll,,8  the  performance  of  the  smart  valve  capabilities  to  be 
“  J [°*  '  b  I,,mSf°ftb°  techno^gy,  initial  concept  tests  for  fast-act, ng  rupture  isolation  and 

I  r c isTZ "  T  ST  T  n  °r  a  ZCr°  timc  ddav  ^,urc  “s‘-  °"»  the  smart  valves  nearest  the 

the  lclk  I^Tfion  T  ratCS  33  '°'V  “  10  8pm  wcrc  dctcctcd  b>  the  smart  valvc  nearest 

leak  locatioir  These  results  arc  promising  and  indicate  that  the  capabilities  of  the  existing  smart  valve 
hardware  and  software  can  be  expanded  substantially. 

Reduced  Tfanninn  a  ^  V3ri°US  tCchnoloSics  for  tbc  Damage  Control-Automation  for 

ARM  ^  T  (DC-ARM)  reflexive  smart  valvc  is  shown  in  Figure  2.  The  technology  for  the  DC- 

ARM  smart  valve  ,s  a  tradc-ofT  between  leak  size  and  time  to  detect  and  isolate  damage  Therefore  flow 

t,mCl°  dCtCCt  and, iSOla,C  3  mptUrC  Fl0w  dctcctcd  is  represented  as  a  percentage 
pipe  capacity  (or  maximum  flow  rate  ,n  the  pipe)  The  time  to  detect  and  isolate  a  rupture  is  shown  oxer 
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ve^  fM,rms  va,’“ ,o  s'~^lr'wit: 

Aboard  expert  Sf  aS  2 ^=2  £",  "?  ^  '°  !***  ^  f“  “*• 

reliabl;-  locate  a  leak  in  less  than  20  mmutes  [2  For  1^?  I"  IT*  method  ca™' 

for  hours.  Smart  valve  technolMv  nrnv^i  v  ff  pers01mel  “>?  "« locate  the  leak 
response  of  a  mptnj  ^ lZ  "  ^  im'>ro'~  ®  •  ™™ed 

methods  for  some  fluid  system  leaks?  The'slTl  I  a'lemat'Ve  *°  leak  *—■> 

into  the  following  regions  based  »  ^  ^  „f  software  metkXT^^3”'  ^  2’  “  Subdivided 

'  *»  “•  *®  •—  —ion 

detect  and  isolate  a  ruptui  cLenThvXT  .  ^  "*  device-leveI  rupture  logic  to 

pressure  decreases  below  a  setpoint  and  flow  r!JeS1StanCe  °fC  detects  a  ^Pture  when  the  local 
detected,  a  valve  closure  sequ^  LTnla^  T^T***,  **?  ^  Setp°mt  °nCe  a  mptuic  is 
(and  nearest  the  rupture)  close  first  Hvdranl'  SUC  *  ^  ^  VCS  fijrthest  from  the  operating  pumps 
steady  pressure  T  "n  '°glC  iS  'im,ted  t0  the  of  almost 

piping  systems  typical  for  shipboard  fluid  Systems  ^d™  T  muIt,'Valve  niult,-PumP 

30  second  J2£di*  T  ^  teted  *  >0%  P>Pe  capacity,  * 

system  level  logic  in  addition  to  the  deviceTevel  mmureToeic^F^  TuT*  measuremcnts  and 
uses  accurate  flow  measurements  and  flow  in  P  ,  •  8  C  Enhanced  hydraulic  resistance  logic 

ruptures  and  leaks.  pTrfonnancc  capa^vTor T  H  ^  T"!  ^'  '°Sic)  t0  dCtCCt  «*£c 
because  improvements  in  pressure  sensor  calihrai "  -  lyd™u  ,c  rcsistancc  logic  is  estimated 

confirm  the  performance  capability  Smart  1°”  f"  S^'la  proccssinS  methods  are  needed  to 
rcducon  flow  measurement  compared  °°* 

. £%  r  dcloc"on- 0 '  — *  time « 3o 

actuators.  Only  an  initial  concept  lest  of  hvdrauhe  °  ra”SIC"‘  prcssurc  signal  data  and  fast  acting 
development  of  software  is  3  alona  fl  h3S  ^  V**™*  a"d 

Performance  capability  for  hydraulic  circuit  bST?"1  • PrCSSUrC  Si8na'  prOCessin8 
testing  are  needed  to  confirm  the  performance  capabili^  CSt'mated  bcC3USC  dcve|opmcnt  and 

r  —o  ^ 

immediate  vicinity  of  smart  valves  The  sen™  m  dc.tCCtl0n  sensors/mcthods  on  or  in  the 
flanged  joints  or  acoustic  sensors  to  “listen"' for^vstem  Icaks^  The  ‘°  ^  ^ 

approximated  based  on  a  review  of  commercial  hteratl  The  V  S  f'  *  iS 

Agency  requirement  for  gross  leak  detection  is  3  gallons  per  hour  H  I  EnV,r°nmCntal  Protection 
detection  methods  with  smart  valves  has  not  been  ttsted.  Apply,ns  COmmcrc'al  leak 


dctr:ip,r,frr  —  ^lc.  a  ^  ,,vc 

2  A  leak  is  any  unintended  disclnruc  from  mnia  f  C  pipC  Capaci,v 

can  detect  some  leaks  if  i,  can  detect  a  change  in  flowed, all  ^  3 
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Based  on  the  overall  functional  requirements  for  a  particular  system,  smart  valve  technology  can  influence 

overa  1  architecture  (zonal,  offset  loop,  single  main,  dual  main),  the  number  and  location  of  pumps  the  size 
of  tanks,  and  control  methods.  F 

Fireman  System 

The  DC-ARM  smart  valve  [4,5]  is  ready  for  prototype  fire  main  installation  on  an  active  duty  Navy 
ship.  TTie  hardware  and  software  architecture  used  on  the  SHADWELL  is  appropriate  for  a  prototype 
Va  , ,  Compare<J  the  existing  smart  valves  installed  on  the  SHADWELL,  a  different  actuator  model 
wou  d  be  selected  the  circuit  boards  would  need  to  be  qualified  for  shipboard  environment  and  software 
improvements  would  be  added  to  reduce  the  rupture  isolation  time  and  improve  the  reliability. 

Chilled  Water  System 

A  smart  valve  could  be  developed  for  a  chilled  water  system  using  hydraulic  circuit-breaker  logic  for 
rupture  detection  and  enhanced  hydraulic  resistance  logic  for  leak  detection  (using  flow  inventory  system 

8I?iv  8  u7  re,!abl!lty  311(1  survivability  may  be  improved  by  implementing  hydraulic  resistance  logic 
in  addition  to  hydraulic  circuit  breaker  logic  for  rupture  isolation.  This  software  could  be  integrated  with 
system  level  logic  to  detect  small  leaks  in  time  to  prevent  the  system  from  failing  due  to  loss  of  fluid 
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Fuel  System 

f°rhfcCl  -"a  Hydraulic  circuit-breaker 

detection.  L  rdS  j 7™  ^  °*Kr  m«hod>  f°r  s™“  <** 

resistance  logic  in  addition  to  hydraulic  circuit  h°  ‘TT^  ^  lmP,emcnting  hydraulic 

enhanced  hydraulic  res.stance  log  „  addd  L  to  'h  Th  **  7^  detCCtion  and 
detection.  S  dd  tl0n  t0  the  hydrocarbon  sensor  for  leak 


rj**  -  _  Valve  Body 

'g«"e  .  chematic  Configuration  of  DC-ARM  Smart  Valv 
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Figure  2.  Estimated  Performance  Capabilities  for  Smart  Valve  Technologies 
2.0  Introduction 

2.1  Background 

The  overall  objective  of  the  Damage  Control  Automation  for  Reduced  Manning  (DC-ARM)  reflexive 
fluid  systems  development  is  to  demonstrate  unmanned  isolation  of  fluid  svstem  damage  while  restoring 
service  to  intact  sections  and  vital  loads. 


To  meet  this  overall  objective,  the  general  approach  has  been  to  survey  commercial  technology  which 
can  be  applied  to  automated  damage  recovery  of  shipboard  fluid  systems.  Where  possible,  applicable 
commercial  technology  has  been  used  or  adapted  to  meet  the  Navy  requirements.  Development  of  new 
technology  has  been  started  in  a  cooperative  arrangement  with  commercial  suppliers  where  commercial 
technology  is  not  available.  The  objective  of  the  working  relationship  between  the  Navy  and  commercial 
suppliers  is  to  use  existing  commercial  research  and  development  programs  to  develop  products  suitable  for 
both  Navy  ships  and  commercial  industrial  facilities. 

The  fire  mam  system  has  been  selected  as  the  first  prototype  for  DC-ARM  reflexive  svstem 
development  1 wo  interim  reports  of  the  reflexive  system  development  have  been  published  |4],  evaluates 
fire  mam  architectures  including  offset  loop,  dual  main,  and  zonal  configurations.  The  results  of  the 
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number  of  pumps  and  the  number  of  segmented!  valves'  a?'tect“re  u,volves  «  Imde-off  between  the 
subject  of  the  ship  design.  Consequently  the  DC-ARM  “o'6010"  of  "ohitectute  should  be  the 

valve  technology  that  can  be  used  in  any  fluid  system  S>  d"  the  develoPmc«  of  smart 

development  of  a  smart  valve  which  can  detect  and  Referenc<!  4  «>"c'uded  "tat 

This  development  has  been  divided  into  two  parts  “SnZf“mT ,  V  is  needed 

IZt?  ,Paa  ge  Wi‘h  embcdded  sensors  and  micrTOZ  Id  t^d  T"  °f  a  “"“I*  “d 
apphed  a,  a  devtce  microprocessor  using  date  measured  “  * 

-p^  lo8,c  is  discussed  in  ,he  ^ 

on  a  commercial  survey  and  benchtop  model  testing  The  ^  ^  fl°W)  WCre  investigated  based 

[f  nr  m°St  SUitab,e  meth0d  t0  d*ect  a  rulre  UsTnaLvd  r6  ^  ^  baSed  °n  h-vdrau,ic 

,f  PreS$Ure  decref es  b^w  a  setpoint  and  different  pre^m  J  T™*  *  n,pture  is  detected 
preset  time  delay3,  the  valve  closes  if  mnt„re  ;  v  ?  lncreases  above  a  setpoint.  Based  on  a 

rupture  can  be  isolated  without  isolating  intacTpipintTs T?'*'  ^  ^  a”d  C'°SUre  poncing  a 

^a,  communicatton  to  temote  Z&S ^ 

coir“  r  rr  r  rcr  t  »d  *■*»  <■*  ^  Fta 

new  network  interface  card  was  modified  to  accept  he  1  V  6  re^uire“,  the  design  for  a 

z sr for  o""d- — — i.  ^ 

ttz*  “*«  r  rr*  ~  -*-* 

Reconfiguration  Management  System),  flow  balan«  Z  ^  ‘bc  FRMS  Program  (Fireman 

fire  main  |6,7,*|.  A  ruplurc  between  valves  was  detected  dul,“nsl™od  011  Illc  es-USS  SHADWELL 
increased  above  a  threshold.  Once  a  rupture  was  dcteciS  L  ."  ,  ,mbalanc0  111  pipe  segment 

has  been  tested  for  a  fire  main  installed  at  Aberdtt  prow  te  rl' d°  APP"«>m"  of  this  approach 
Reconfiguration  (ASR)  program  [9j  The  results  Z  7S>?  S  “  Part  of  Autonutted  Systems 
can  idem, ly  rupture  or  large  leak  paths,  but  reliable  a,  d  I™  TS  ,hc  flo'v  bala"ee  logic 

needed  to  ensure  the  rupture  can  be  isolated  d  Sumvabl°  communication  between  the  valves  is 


2.2 


Purpose  and  Scope 


architecture  oftheso^  ^  dcvc,°P”lc'>‘  of  the  DC-ARM  smart  valve  The 

tbc  cx-SHADWELL  is  sumn  ^  ^  ^  **"  on 

",C  oiK.ra.infptwn^oscn^;^  ",c  valvc  10  »>c  operating  pumps.  Vahcs  furthest  from 

nearest  the  rupture  dose  firs,  ^  '"C  0,,Cr:,"nfi  P'"^5  close  last  With  this  Va,ve  scqiJenS'g  l.^cs 


6 


can  be  used  as  a  basis  for  the  design  of  damage  tolerant,  automated  shipboard  fluid  systems  and  for 
continuing  work  to  further  develop  the  smart  valve  technology. 

3.0  Approach 

This  section  discusses  the  functional  requirements  of  a  reflexive  fluid  system,  software  architecture  for 
a  reflexive  fluid  system,  hardware  and  configuration  for  a  smart  valve. 

3.1  Functional  Requirements 

The  overall  goal  of  developing  a  reflexive  fluid  system  is  to  demonstrate  the  operation  of  the 
components  and  logic  sequences  which  respond  automatically  to  fluid  system  damage  with  multiple  failures 
among  components  (including  loss  of  communication  between  components  after  damage)  The  followina 

functional  objectives  are  based  on  previous  reports  [4,5]  and  form  the  basis  of  the  DC-ARM  reflexive  fluid 
system  research: 

1.  Rupture  Isolation.  The  reflexive  system  should  be  able  to  isolate  a  rupture  and  restore  system 
services  to  intact  portions  of  the  fluid  system.  The  rupture  isolation  should  be  accomplished  without 
increasing  the  safety  hazard  to  ship  personnel.  For  example,  trial  and  error  cvcling  of  fire  main  valves 
to  locate  a  rupture  is  not  acceptable  since  fire  main  pressure  may  be  temporarily  lost  to  fire  party 
personnel  manning  a  hose.  Fireman  ruptures  should  be  isolated  and  service  restored  in  less  than  9 
minutes  to  ensure  that  fire  main  is  available  before  fire  spreads  to  adjacent  compartments  [2] 

2  No  Manned  Intervention.  The  system  should  perform  damage  isolation  and  service  restoration 
actions  without  manned  intervention. 

3  ™erant  of  MultiPle  Failles  and  Degradation.  The  system  should  be  able  to  operate  successfully 
with  failures  of  more  than  one  valve  or  pump  in  addition  to  other  degradation  expected  in  shipboard 
tluid  systems.  Loss  of  commun.cat.on  among  components  following  damage  should  be  considered  in 
addition  to  other  failures.  Other  degradation  mechanisms  such  as  buildup  of  fouling  product  (corrosion 
and  biological)  should  be  considered  along  with  equipment  malfunctions. 

4.  Leak  Detection  Leak  detection  should  be  implemented  to  alert  ship  personnel  to  potentially 
c  criorating  or  hazardous  conditions.  The  consequences  of  leaks  are  different  for  different  shipboard 
ui  systems,  or  fuel  service,  a  small  leak  (less  than  1  gpm)  is  a  substantial  fire  hazard  within  a  few 
minutes  For  fire  main  operation,  detecting  smaller  leaks  is  not  considered  critical  to  reflexive  system 
operation  because  the  flow  rates  to  fire  main  services  remain  adequate  and  fire  main  pressures  arc  not 
reduced  for  small  leaks  which  arc  not  caused  by  the  rupture  of  piping  For  chilled.  Tire  system  should 
water  systems,  small  leaks  can  disable  the  system  if  the  tanks  arc  emptied;  however,  more  time  for 
detection  is  available  for  smaller  leaks  than  larger  leaks.  (Previous  discussions  of  reflexive  fluid  system 
requirements  did  not  include  leak  detection  because  the  initial  work  was  focused  on  the  fire  main 
system  where  a  small  leak  docs  not  have  critical  consequences.) 

5  Simple  and  Reliable  Design.  The  sy  stem  should  isolate  damage  and  restore  serv  ices  with  a  minimum 
number  of  components  and  with  a  design  based  on  proven  technology  that  is  straightforward  to 
implement  In  general,  simple  designs  contain  fewer  components  and  minimal  processing  requirements 

for  the  component  level  controller.  Simple  designs  generally  arc  less  expensive  to  implement  and 
maintain  and  more  reliable. 

Low  Cost.  The  system  must  have  a  low  life  cycle  cost.  The  maintenance  effort  must  be  kept  to  a 
minimum  to  meet  manning  objectives  for  future  ships.  Reducing  the  number  of  active  components  in 
the  s\stem  will  help  minimize  life  cvclc  cost 
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3.2  Reflexive  Fluid  System  Software  Architecture 

us« 

which  affect  the  trade-off  analysis  ^  dot,  *  r  8  edundant  components  and  subsystems.  Factors 
(including  reliability  and  survivability)  and  cosf  sTnT^ch 'ofTh^01^’  ^  peifonnance  requirements 
designs,  it  is  impractical  for  DC-aZ  to  p^de  a sldatl soft  d"°*  f°r  different  **P 

Instead,  an  overall  goal  of  the  DC-ARM  proaram  is  design  for  shiPboard  fluid  systems 

develop  a  design  using  smart  technology.  provide  the  ship  designer  the  necessary  tools  to 

The  general  approach  used  in  the  DC-ARM  * 

Which  distributes  analysis  and  control  tegic  in  a  rf*™  *  <°  demonstrate  sntari  technology 

destgn.  This  does  not  mean  that  components  ^Tuto™,!? k“  ?  ?'C'  '°w  “st  “tviv,ble 

component  level.  Instead,  decisions  based  on  local  sub^m^  decisions  are  made  at 

decisions  based  on  system  wide  data  are  made  M  tL  “!?  T  ?  T°, ma*  at  tfle  component  level, 

conditions  and  mission  are  made  at  the  supeAsory  tevel  ^e  a  hi  ““  baSed  0n  overa"  shiP 
decisions  is  shown  in  Figure  3.  P  ^  archltecture  based  on  this  breakdown  of 

m  the  immediate^ vicinitHr^^  IoJZfT'^T  ^  Cquipment  housin8  or 

open/close  travel  stops  (e.g.,  limit  switches  notenfir,  gf  \  r  valves,  control  logic  associated  with 
protection  for  motor  operators)  and  automated'pli, ion  rntmT  fo^?  C“‘°“t.  <<***  temperature 

typically  provided  for  commercial  valve  and  aernat  ‘l^n  o  (  ?0W  3,1(1  fluld  temperature  control)  are 

addition  typical  commercial  softwa'Ts S  TIT?  «“'d  systems,  software  in 

(filtering,  A /D  conversion  and  conversion  to^neeriln  SOlW  pr0vid“  siS"al  eondi.ioning 

diagnostic  checks  (including  prognostic  diagnosis  fc  1? f  ’  gP‘?  detCC,io"  ^  Elation  and  self- 
Program,  each  of  these  logic  ntethods  w„,  ZS^c  ^ 

control)  and  safety  cutout  hmitslllmlurrent'andlm  temp0'  !aSS0C'a,°d  'vith  PumP  starts  and  pressure 
commercial  pump  controllers.  For  reflexive  system ^7°  protflon)  are  provided  with 

anion, at, c  starts  and  stops,  signal  conditioning  ;m  l  !  ga„  “ft'vare  is  necdcd  t°  provide  for 

those  logic  methods  wil,  be  demonstrated  e.xccp)  for  ^  °f 

conS:^^^'^^,“ control  logic  ,s  no,  needed  Signal 

units.  For  reflexive  systems,  additional  software  should  1  P""cnls  '°  Provldc  output  in  engineering 

(e  iy  alarm  and  alert  setpoints)  and  sclf-calibration  f!  mc  DC  fRM  Pem"‘  ‘rC"dine  ^  “alvsis 
conditioning  will  be  demonstrated.  U  DC-ARM  program,  only  commercial  signal 

compartments  Ui'hkle  P°niT  °f  ,l,c  ^'cm  and/or  from  multiple 

for  successful  operation.  For  shipboard  fluid  vst™  s  rC''f,up0"1 “"imerrupted  communication 

Sistem  align, no, „  including  talvc  positions  for  segrcgaD!  d  f'  “  "SCd  '°  ““'S™  "-c  oterall 

status,  pump  states  and  flow  dislribulion  In  addto^ielt  J7  CO,'^m!mo"'  '"al  load  demand  and 
ccatise  available  commercial  tcchnolog.v  relies  upon  ^ 
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,  J"'  ’  r  °g'f  PrOV  S 'h‘  pnmary  man‘macilme  intel*“  for  thc  fluid  system.  To  support  this 
interface  fimctton,  decs, on  a,ds  may  be  included  to  provide  recommendat.ons  for  system  tealiglen,  to 

support  nusston  reqmrements  and  anticipated  damage  threat.  In  addiuon,  analysis  of  systemS^ 
interactions  may  be  provided.  ^  10  siem 

The  hardware  configuration  need  not  match  with  the  logical  hierarchy  shown  in  Figure  3.  For  instance 

insSeVe  h°8,C  Can- bC  embedded  in  1116  cornPonent  microprocessor,  installed  in  a  dedicated  controller  or 
installed  in  the  supervisory  station.  For  the  SHADWELL  fire  main  system,  only  component  level  logic  will 

be  embedded  in  the  smart  components.  System  level  and  supervisory  logic  is  installed  in  the  supervisory 
control  station  m  the  SHADWELL  Control  Room  and/or  Damage  Control  Central  (DCC) 
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Logic  shown  in  italics  has  been  or 
will  be  demonstrated  on 
SHADWELL 


F'gure  3.  Software  Architecture  for  Reflexive  Fluid  Systems 
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3.3  Smart  Valve  Hardware  Architecture 


The  most  survivable  approach  to  implement  valve  logic  is  with  a  smart  valve  architecture  consisting  of 
pressure  sensors  embedded  in  the  inlet  and  outlet  of  the  valve  body  and  an  embedded  circuit  board  in  the 
valve  actuator  which  contains  a  microprocessor  and  communication  transceiver.  When  the  DC-ARM 
program  started,  several  commercial  valve  suppliers  were  able  to  provide  valve  and  actuator  packages  with 
an  embedded  circuit  board  containing  a  microprocessor  and  network  transceiver  ready  for  a  field  bus 
connection.  Developing  improved  capability  using  the  embedded  circuit  card  is  an  ongoing  commercial 
initiative  of  several  valve  manufacturers.  Installing  embedded  pressure  sensors  suitable  for  accurate 
differential  pressure  measurement  to  meet  Navy  requirements  was  considered  to  be  an  extension  of  this 
existing  commercial  initiative.  The  DC-ARM  program  has  been  working  with  several  valve  companies  in  a 
cooperative  arrangement  to  develop  a  hardware  configuration  suitable  for  Navy  shipboard  installation. 
General  functional  and  performance  requirements  are  developed  to  ensure  that  the  smart  valve  can 
adequately  perform  component  level  logic  (such  as  rupture  logic)  and  can  interface  with  the  system  and 
supervisory  level  software. 

Differential  Pressure  Measurement 


The  most  important  hardware  feature  which  distinguishes  the  DC-ARM  reflexive  smart  valve  from 
existing  commercial  smart  valves  is  the  use  of  embedded  pressure  sensors  to  measure  flow  rate.  The  key 
design  constraint  is  to  provide  independent  measurement  of  upstream  and  downstream  pressures  (for  open 
and  closed  valve  positions)  along  with  accurate  measurement  of  small  differences  between  upstream  and 
downstream  pressure  when  the  valve  is  in  the  open  position.  A  review  of  the  sources  of  flow  measurement 

error  for  the  DC-ARM  smart  valve  provides  a  basis  for  establishing  a  design  for  the  pressure  sensor 
configuration: 


•  Factory  Calibration.  The  factory  calibration  of  the  pressure  sensors  consists  of  comparing  the 
output  of  the  sensors  with  calibrated  pressure  instruments.  Based  on  this  calibration  data,  limits  of 
repeatability,  non-linearity  and  hysteresis  can  be  established.  Alternatively,  methods  to  correct  for 
non-ideal  calibration  data  can  be  developed  to  reduce  the  limits  of  error. 

•  Flow  Disturbances.  Disturbances  such  as  tees  and  elbows  within  a  few  pipe  diameters  of  the  smart 
valve  can  introduce  an  error  in  the  flow  measurement.  This  error  may  be  affected  by  the  orientation  of 
the  valve  and  pressure  sensors  (such  as  in-plane  or  out-of-planc  pressure  sensor  orientations).  As 
discussed  in  Reference  4,  this  error  is  attributed  to  pipe  tap  effects  and  possible  swirl  effects  which 
change  the  detected  pressure  at  the  sensor. 

•  Sensor  Drift.  Day-to-day  temperature  variations  of  the  sensor  circuits  can  result  in  drift  in  the  sensor 
output  In  addition,  pressure  cycling  of  the  sensors  (by  opening  and  closing  of  the  valve)  can  result  in 
a  drift  in  sensor  output.  While  compensation  for  these  effects  is  typically  included  in  commercial 
sensors,  small  changes  may  be  observed  in  the  differential  pressure  measurements. 

Variable  Flow  Coefficient.  The  valve  flow  coefficient  may  vary  with  flow  rate,  fluid  properties  (such 
as  density)  and  surface  roughness  of  the  upstream  pipe  and  valve  surface.  Variations  in  the  valve 
flow  coefficient  may  introduce  errors  in  the  flow  calculation  performed  by  the  smart  valve. 

•  Random  Fluctuations.  All  measurements  arc  subject  to  variations  that  arc  not  compensated  and  are 
random  These  variations  are  attributed  to  unsteady  process  conditions  and  instrument  effects.  For 
smart  valve  pressure  measurements,  the  random  fluctuations  are  dominated  by  fluid  turbulence. 


“iTTracS  deXSof  7“k  ^  ^  °n  ^  for 

factors  are  used  to  determine  a  suitable  decicm  f  *  v  t  *  smart  valve,  best  estimates  of  these 

used  on  the  SHADWBa^St?,£^^  For: the  firs,  DC-ARM  smart  valves  Se 
commercial  pressure  sensors  with  a  commercial  analoe  trwfh  3  s(rai^l(forv.ard  approach  with  two 
data  would  be  measured  to  identity  design  ‘“P  Usi"S  first  valves, 

factor)'  tests  and  hydraulic  characteristic  less  on  the  sSdwH  ff  ®  °r  ^  “S"3'  processi"8  Bo* 
determining  design  improvements  [6-8],  SHAD  WELL  fire  mam  provide  the  foundation  for 

SHADWELL  Fireman  Smart  Valve  Hardware 

For  testing  and  demonstration  on  the  SHADWELL,  the  objectives  for  the  smart  valve  are  as  follows 

•  ,o  prwide  —  “■*»  * 
which  ensures  the  fire  main  is  available  to  proven!  the  spread  ^  a  'ime  perio<l 

KC?S«^S2fST  TL  ~  &»£££«» 

•  to  bc  va,ve  fai,ures  ^ ,irae 

.  zess^zs*  inror",a,ion  ,o  ,,k 

to  identify  the  perfo^Tc^bili^f^^J^JJ  ^  Va'VC  testlnS  sh<>uld  be  sufficient 
smart  valve  capability  should  be  identified.  mrt  Va  VC'  Potential  improvements  in  the 
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Based  on  these  general  objectives  for  the  initial  smart  valve  on  SHADWELL,  the  following 
specifications  were  developed: 


Table  1 

SHADWELL  Fireman  Smart  Valve  Specifications 

Size  and  Rating 

4-inch  flanged,  ANSI  150  lb.  Class  _ 

Pressure  Sensor 

Location:  inlet  and  outlet 

Low  Setpoint:  50  psig 

Range  and  Accuracy:  0  to  200  psig,  ±1  psig 

Flow  Sensor 

Location:  flow  through  valve 
High  Setpoint:  100  gpm  relative4 

Range  and  Accuracy:  0  to  30  ft/s,  ±  50  gpm, _ 

Implementation  of  shipboard  shock  and  vibration  requirements  is  not  considered  for  the  initial  testing. 
Due  to  the  environment  on  the  SHADWELL  during  fire  testing,  it  is  desired  (although  not  required  for  the 
initial  tests)  that  the  smart  valve  operate  at  temperatures  up  to  approximately  200°F. 

Discussions  with  Tyco®  Flow  Control  Research  and  Development  identified  an  approach  to  develop  the 
DC-ARM  smart  valve  concept  for  the  SHADWELL  fire  main  using  an  existing  commercial  valve  and 
actuator  product  line.  A  model  of  the  DC-ARM  fire  main  valve  is  shown  in  Figure  4. 


4T1ic  set  point  is  based  on  relative  hydraulic  resistance  logic  |5|.  The  objective  of  relative  hydraulic  resistance  is  to 
deicci  an  increase  in  flow  rate  greater  than  that  of  a  fire  hose  w  hich  is  about  90-100  gpm 
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Figure  4.  Model  of  Fire  Main  Smart  Valve  on  SHADWELL 


"•\s-dweli-  -  « ns,ed 

model  lias  been  under  test  and  evaluation  on  DDG-5 1  nil  7  ^  fire  ma,n  service-  This  valve 

EPI  actuator  was  selected  for  SHADWELL  installation  as  a^r  lr°n  Worl<s-  T,lc  Keystone 

boards  for  valve  control.  Two  circuit  boards  are  used  for  tl  effe<;t,ve  Platform  to  test  new  circuit 
applications  board.  The  valve  control  board  contains  an  AC  DC  no  ’  ?  V8,Ve  control  board  and  an 

and  hardware  associated  with  open/slop/close  tomrot  nn  ,  $UPP  y’  ana,°g/diei«al  processing, 
emergency  shutdown.  The  applications  hZS  ’  P°S,!,0n  COn,ro1  and  s‘atus  feedback  and 

embedded  software  for  valveTomtol  a^  ^apXdons  r’  ^‘^^^^ceiver  and 

software  consists  of  rupture  detection  and  isolation  logic  )  The^Jf  SHADWELL’  user  application 
commercial  unpackaged  piezoresistive  pressure  sensors  for  ^  lypfcal  °f 
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Table  2 


f - Components  of  DC-ARM  Fireman  Smart  Valve  on  SHADWELL 

Component 

Description 

Valve 

4-inch  Tyco®  Vanessa®  Series  30,000  QTG  Double 
Flange  ANSI  150 

Actuator 

Keystone  EPI  13  Motor  Operated5  120  VAC 

Circuit  Board  Control  Card 

Power  board  containing  power  supply,  A/D, 
switches,  etc. 

Network  board  containing  Echelon®  FTT-10A 
LonWorks®  network  transceiver. 

Pressure  Sensors 

SensSym  series  19C  sensors,  stainless  steel  isolated, 
temperature  compensated,  0-200  psig,  50  gV/V/psi 
output 

Flow  testing  of  the  fire  main  smart  valve  was  first  performed  at  the  Tyco®  Flow  Laboratory  in 
Providence,  Rhode  Island.  This  testing  indicated  that  the  apparent  valve  flow  coefficient  was 

approximately  160-gpnWpsi  based  on  the  embedded  pressure  measurements6  which  corresponds  to  a 
pressure  drop  of  0.4  psi  at  100  gpm.  In  addition,  these  tests  indicated  that  the  random  fluctuations  of  the 
pressure  measurements  are  substantial.  The  standard  deviation  of  the  differential  pressure  measurements 
van  rom  to  0.63  psi.  Based  on  this  data,  rupture  setpoints  were  developed  for  the  SHADWELL 
tire  mam  using  hydraulic  resistance  logic  consistent  with  the  valve  specifications.  The  conditions  necessary' 
to  detect  a  fire  main  rupture  at  an  open  smart  valve  arc: 


Pressure  <  50  psig 

AND 

Differential  Pressure  >  0.40  psi  +  Baseline  Differential  Pressure 


where  pressure  is  the  pressure  at  the  upstream  or  downstream  sensor,  differential  pressure  is  the  absolute 
value  of  the  upstream  minus  downstream  pressure  and  the  baseline  differential  pressure  is  the  most  recent 
smoothed  differential  pressure  when  the  fire  main  pressure  is  greater  than  50  psig.  In  other  words  a  fire 

mam  rupture  is  detected  if  pressure  decreases  below  the  low  pressure  setpoint  and  flow  increases  by  at  least 
luugpm. 


Vmela  x- Net  7 L ,  kcyS,0,1C  EP‘  aC,U:,,or  **  l,scd  wi,h  :1  VancssaK  QTG  valve  because  the 
Vanessa  vaKc  is  a  torque  seated  valve  and  the  Keystone  actuator  docs  not  stop  based  on  torque  The  Keystone 

acmator  was  selected  for  the  SHADWELL  installation  to  facilitate  cos,  effective  testing  of  new  circuit  control  board 

nomhn7now TTfir coefficient  for  the  valve  is  210  gpnWpsi.  The  apparent  flow  coefficient  is  less  than  the 
difference  '°  "  rCduC"0n  ,n  ",c  arca  of  ",c  «■«!«  How  which  increases  the  localized  pressure 
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averaging  algorithm  wt'developSfor  Jhe  Su^date^Th^  "TT  deteCti°n  ^  3  fe,Se  alarm)>  an 
rate  of  approximately  8  Hz  Based  on  a  m*  P  dt3'  7116  contro1  circuit  board  acquired  data  at  the 
valve  stroke  time  of  l/tc£g  a  L^lTofTm ^  ^  °f  10  the 

uncertaintj'  associated  with  the  random  fluctuations  Ba^eT^T^  T  *  3V6raged  t0  minimize  the 

standard  practice,  the  uncertainty  attributed  to  Zfom ht,™,  ^  f2*1®11  methods  ^ 

deviation  of  the  mean  [11),  For  95%  confidence  fc  un«,S T  a'  “timated  “si"«  ,he  standard 
than  2(0,63  psi>/V80  =  0.14  psi.  This  uncertaint’v  is  “  ^  y  anr'bl,ted  10  rm<la"  fluctuations  is  less 

100  gpm  and  is  considered  to  be  sufficient*  less , L  *  *"  “ 


3.4  SHADWELL  Fireman  Configuration 


The  original  fire  mam  in  the  ex-USS  SHADWELL  (\  qn  i*\ 
hydraulic  characteristics  of  an  offset  loop  fire  main  int  Jfite  was  modified  in  1998  to  simulate  the 
third  deck,  second  deck,  and  main  deck  ?A  schemer  f  tCSt  3r6a  (between  frames  9  and  29)  on  the 
The  principal  loop  of  piping  for  fire  main  tesfinT n  TT T  ***  **  main  IS  sh°™  in  F  gure  5 
deck,  a  3-1/2  inch  main  on  L  port ™'n  the  aboard  side  fecund 
mch  fonvard  cross-connect  at  frames  12  to  17  Thc  tes  Tooo  23  t0  26  **  a  4 

capacity  of  about  600  gpm  at  discharge  pressure  of  100  psig  ”  "  ^  ^  PUmp$  630,1  with  a 

main,  L  on"et  “«»  P»"  mam,  one  in  the  starboard 

arr  operator  and  can  be  routed  to  thc  deck  in  the  test  arln^T Y aC,Ualed  ™lh  a  ^-acting 
IS  installed  in  thc  fonvard  cross-connect  with  an  orifice  nlate  to  PefC.tank’  Another  discharge  flow  path 
pon  removal  of  the  ortfiec  plate,  this  dtseharge  flow  path  could  be  a" ‘fourth  ^11“, h"8  fl°"’  pa,h 

flovv'l^p  Ph,sLlfa'tio“ off  Th  ValVC  ,,K,a"a,b"  the  main 

capabthty  of  a  smart  valve  svstem  an  X,  £»  n  '  *°  ^"amte  the  functional 

installed,  one  valve  is  lost  to  the  damage,  one  valve  ™lfZ,,„  a”8  3  df"aSC  Cvcn'  wi“>  valves 

trvo  valves  remain  to  isolate  the  rupture  and  rest  7  dU°  '°  CaUSCS  (sl"E,c  f“tlurc)  and 

ll'C  main  ,<*p  is  planned  ,0  °f  ”  a“'“'aI  -art  valve  in 


of  both  fire  pumplr‘is",!ecdcd"to' tama™"'!  "0<  ^'i  l>r<>vidcd  with  the  fire  pump. 

-  * . . >**  o„K,  ,™wt,Al,c . . .  * 


In  general,  availability 
,uo  pnnip  supply  paths 
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Installation  of  redundant  flow  paths  to  a  simulated  electronics  cooling  load  is  planned.  Each  flow  path 
will  be  provided  with  a  smart  valve  which  provides  a  reduced  flow  coefficient  to  limit  flow  rate,  backflow 
protection  to  eliminate  the  possibility  of  the  loss  of  two  sections  of  fire  main  and  rupture  isolation  logic  if 
the  branch  line  is  severed.  The  smart  valves  are  being  manufactured  by  the  Curtiss  Wright  Flow  Control 

Corporation  and  are  scheduled  for  installation  in  2001.  . 

A  fire  main  supervisory  control  station  is  provided  in  the  SHADWELL  Control  Room.  The 
supervisory  control  station  monitors  and  displays  fire  main  data,  provides  control  of  fire  main  valves  and 
pumps,  contains  system-level  logic  which  evaluates  for  large  fire  main  leaks  and  provides  decision  aids  to 
ship  personnel  8. 


The  fire  main  supervisory  control  station  is  an  IBM  compatible  PC  running  Windows  2000.  The  fire  main 
control  station  is  integrated  with  an  overall  supervisory  damage  control  system  for  DC-ARM  testing 
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Figure  5.  SHADWELL  Fireman  in  the  Test  Area 


4.0  Results  and  Discussion 


4.1  SHADWELL  Fireman  Test  Results 


The  SHADWELL  fire  main  tests  consisted  of  hydraulic  characteristics  tests,  rupture  tests  using 
hydraulic  resistance  logic,  a  vital  load  test,  a  small  leak  detection  test,  and  a  rupture  test  without  a  time 
delay.  The  test  matrix  is  provided  in  Table  3 


Table  3 

Test  Matrix  for  Fireman  Reflexive  Smart  Valves 


Test  Date 

Description 

Summary 

1 1/30/99 

Zero  Flow  Test  1  and 
Clockwise  Flow  Test, 
No  Rupture 

Flow  was  routed  from  fire  pump  1  to  the  peak  tank  via  a 
clockwise  path  in  the  test  area.  Pressure  sensor  data  was 
measured  at  flow  rates  ranging  from  0  to  540  gpm.  Flow 
was  measured  using  a  Controlotron  strap-on  ultrasonic 
flowmeter. 

1 1/30/99 

Zero  Flow  Test  2  and 
Counterclockwise  Flow 
Test,  No  Rupture 

Flow  was  routed  from  fire  pump  2  to  overboard  via  a 
counterclockwise  flow  path  in  the  test  area  and  four  1-1/2 
inch  fire  hoses  at  FP  2-19-1  and  FP  1-17-1.  Flow  rates 
ranged  from  0  to  290  gpm. 

12/1/99 

Operations  Office 
Rupture,  Fire  Pump  2 

Rupture  was  isolated  in  approximately  90  seconds.  A  15 
second  time  period  is  unaccounted  for  in  the  design  and  is 
attributed  to  a  software  error. 

12/1/99 

Operations  Office 
Rupture,  Fire  Pump  1 

Rupture  was  isolated  in  60  seconds.  Isolation  sequence  was 
completed  as  designed. 

12/2/99 

Pump  Trip 

Fire  pump  was  stopped,  pressure  reduced  to  zero  and  the 
valves  remained  open  (as  designed). 

3/1/00 

Zero  Flow  Test  3,  No 
Fireman  Pressure 

Confirms  factory  determined  sensor  offset  data. 

3/2/00 

Vital  Load  Test 

Fire  pump  2  was  operating  and  forward  magazine 
sprinkling  flow  path  was  activated  with  a  flow  rate  of  about 
245  gpm.  Valves  did  not  close  (as  designed) 

3/2/00 

Small  Leak  Test 

Fire  pump  2  was  operating  and  2-12-4  was  closed.  Flow 
rate  was  adjusted  from  0  to  85  gpm  using  1-1/2  inch  fire 
hose  at  FP  2-19-1.  Valves  monitored  flow  changes  but  did 
not  close  (as  designed). 

3/3/00 

Zero  Flow  Test  4,  No 
Fireman  Pressure 

Provides  a  check  against  3/1/00  data. 

3/3/00 

Operations  Office 
Rupture,  No  Time 

Delay 

Time  delays  were  removed  from  smart  valves.  Fire  pump  2 
was  operating  and  a  rupture  in  the  Operations  Office  was 
initiated  Rupture  was  isolated  in  about  15  seconds  The 

smart  valves  nearest  (he  rupture  1-26-2  and  2-23-1  closed 
Smart  valve  2-17-1  started  to  close  and  reopened  as 
pressure  was  restored. 


For  the  tests  performed  on  1 1/30,  12/1  and  12/2/99,  only  smart  valves  1-26-2  and  2-23-1  were  installed 
For  tests  performed  on  3/1,  3/2,  and  3/3/00.  all  four  smart  valves  were  installed  For  each  of  the  tests, 
pressure  sensor  data  was  acquired  using  a  laptop  PC  with  a  LonWorksK'  interface  card  and  protocol 
analyzer  software  supplied  by  Echelon'!*1 
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Hydraulic  Characteristic  Tests 

error  of  the  pre“u°re  rt^*^^^*1**  which  faclom  contribute  to  the 

p™  meas^LtS  “  ^  ""  “  *  ^  f°r 

signific^tt sourMof'error is  toe  random  Cuatasduetfl^r,^  ^  ,ha'  *>  ■** 

errors  attnbuted  to  upstream  disturbances  (installation  confio  ,•  ur:,ue'lcc  Of  secondaty  importance  are 
H  ratn  /nr  initial  ,es,i"S  SHADWELL  es"s  were  nrfo"^ flow  coefficient  tvith 

^domflmd  fluctuations  for  a  typical  shipboard  fire  main  ILlS^ ,  “  fft,mate  the  magnitude  of  the 
of  ’ °f  «-» *■  «**■ 

Fra'  ™  «»w  <=-  were 

Second,  flow  tests  were  petfotmed  to  compare  the  differemiaf' 'll0nS  °f  <mmimal  turbulence), 

ultrasonic  flotwneter.  The  flowdirection  was  reversed  to  estimate “ 

a  pressure  measurement”  us  mg  “the  ^rTa^off^  a^d  b°“P?  ^  T  m  Va'Ve is  “"“"ed  into 
magnitude  of  the  random  Hue, nations  are  estimated  ^ 


Zero  Flow 
Test 
Number 


From  the  data  in  Tabic  4,  the  following  is  observed: 

•  Magnitude  of  Random  Fluctuations  at  Zero  Flow  The 

under  conditions  of  minimal  turbulence  is  0  47  psi  Us.no  n^T’T  ^tandard  Aviation  measured 
(two  standard  deviations  bound  approximately  9 '%  oHhc  t  7 ,f  v  7'*"°™  3S  3  bcnch™* 
conditions  with  minimal  turbulence  (no  flow)  arc  about  +0 1  "  ^  °  fluc,uat,on  u»dcr  steads' 

wit  i  the  allowable  error  in  evaluation  of  the  low-pressure  set  7  fluC,uatIon  is  sniaII  compared 
tlun  the  changes  in  differential  pressure  which  must  be  detected  '  a  7’  ^  fluCtua,ion  'greater 
conditioning  of  the  pressure  signals  is  required  As  d  a  -  ^  *  FCSU  *’  so™c  averaging  or  signal 
algorilhm  ,s  „scd  i„  „K  „rc  ££ 7m  Z  “C"°"  «  avemge 

based  on  80  measurements  This  averaging  method 
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results  in  an  uncertainty  which  is  1/4  to  1/5  the  value  of  the  standard  deviation.  This  reduction  is 
considered  acceptable  for  rupture  detection. 

•  Non-Zero  Differential  Pressure.  At  zero  flow  conditions,  the  difference  between  the  upstream  and 
downstream  pressure  sensor  measurements  is  non-zero  for  all  of  the  smart  valves.  For  smart  valve  1- 
26-2  (which  is  installed  vertically),  a  portion  of  the  zero  flow  difference  can  be  attributed  to  fluid 
elevation  (about  0.2  psi  for  '/2  foot  of  elevation  difference).  The  remaining  pressure  difference  for  1- 
26-2  and  the  entire  pressure  difference  for  the  other  smart  valves  can  be  attributed  to  sensor  drift 
calibration  bias  and  random  fluctuations.  The  range  of  non-zero  differential  pressures  is  from  -1  26 
psi  to  0.68  psi.  Random  fluctuations  alone,  cannot  account  for  all  of  these  variations. 

Day-to-Day  Sensor  Drift.  The  drift  in  the  pressure  sensor  output  is  evaluated  by  comparing  the 
change  in  the  zero  flow  differential  pressure  when  the  fire  main  is  at  operating  pressure.  The  zero  flow 
differential  pressure  varies  from  -0.94  psi  to  -1.26  for  smart  valve  1-26-2  and  from  -0.42  to  0.68  for 
smart  valve  2-23-1.  Additional  data  is  not  available  to  determine  the  factors  which  contribute  to  the 
drift,  however,  changes  in  temperature  along  with  other  factors  contribute  to  these  variations  The  use 
of  relative  setpoints  is  unaffected  by  day-to-day  sensor  drift.  Since  the  day-to-day  drift  in  sensor 

rP*'S^ter  than  the  differentiaI  Pressure  setpoint  of  0.40  psi,  relative  setpoints  are  required  for 
the  SHADWELL  fire  main  application. 

•  Calibration  Bias.  The  calibration  bias  is  evaluated  by  comparing  the  zero  flow  differential  pressure  at 

zero  pressure  with  the  zero  flow  differential  pressure  at  operating  pressure  (zero  flow  tests  3  and  4). 
Differences  can  be  attributed  to  methods  of  implementing  the  calibration  constants  and  non-linearity  in 
the  sensor  output.  The  change  in  differential  pressure  between  zero  flow  tests  3  and  4  is  0.70  psi  for  1- 
16-2,  0.32  psi  for  2-23-1,  and  0.66  psi  for  2-17-1.  Some  of  this  change  can  be  attributed  to  day-to-day 
variations  but  some  can  also  be  attributed  to  calibration  bias.  Tbe  observed  change  in  zero  flow 
differential  pressure  impacts  the  sensitivity  of  the  trigger  for  the  relative  differential  pressure  setpoint 
because  the  differential  pressure  can  change  when  the  system  pressure  changes  even  if  the  flow  rate 
does  not  change.  However,  this  factor  did  not  adversely  affect  the  response  of  the  smart  valve  for  all  of 
the  rupture,  vital  load  and  pump  trip  tests  performed  to  date.  Therefore,  this  bias  is  probably  limited  to 
0.40  psig.  Additional  investigation  of  this  non-linear  calibration  bias  is  ongoing  to  determine  if 
corrective  action  is  needed  for  the  SHADWELL  fire  main  valves  ~  ' 


For  evaluation  of  data  for  these  initial  tests,  a  simple 
the  evaluation  of  differential  pressure  measurements, 
differential  pressure  from  a  smoothed  average  differential 


correction  is  applied  to  account  for  the  zero  flow  offset  in 
The  correction  consists  of  subtracting  the  zero  flow 
pressure. 


The  flow  test  data  was  measured  for  smart  valves  1-26-2  and  2-23-1  for  both  clockwise  and 
counterclockwise  flow  directions  in  the  fire  main  piping  in  the  test  area  For  the  clockwise  flow  test,  the 
orward  cross-connect  (near  Repair  2)  was  isolated  and  flow  was  routed  from  fire  pump  1  to  the  peak  tank. 
For  the  counterclockwise  flow  test,  the  forward  cross-connect  was  isolated  and  flow  was  routed  from  fire 

pump  2  to  four  1-1/2  inch  fire  hose  stations  at  fire  plugs  2-19-1  and  1-17-1.  The  average  differential 
pressure  data  is  shown  in  Table  5 
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the  variation  in  valve  flow  coefficient.  nle  flow  coefficient  is 


Cv  = 


Q 


AP.  iP'cr/ 


loss 


(1) 


where  Q.  is  the  valve  flow  coefficient,  gpnWpsi 
v  is  the  flow  rate,  gpm 

AP|oss  is  the  pressure  loss  across  the  valve,  psi 

p  is  the  density  of  fluid 

Prrf  is  the  density  of  water  at  60°F 

£  r ure  Trs  “  » -a- 


(CV), 


apparent 


J\AP~AP~ 

V I  zer< 


(2) 


where  AP  is  the  differential  pressure  across  the  valve  psi 

At  ,c„,  is  the  differential  pressure  across  the  valve  at 


zero  flow,  psi 
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Table  6  contains  the  results  of  the  calculations. 


Table  6 


Smart  Va 

Ive  Apparent  Flow  Coefficients  for  Flow  Tests 

Test 

Flow  Rate 
(gpm) 

Apparent  Flow  Coel 

Ticient  (gpnWpsi) 

1-26-2 

2-23-1 

Clockwise  Flow  Test, 

1 1/30/99 

160 

1  166 

142 

280 

177 

148 

464 

192 

160 

536 

194 

162 

Counterclockwise  Flow 
Test,  11/30/99 

80 

169 

163 

144 

149 

146 

240 

160 

158 

288 

164 

157  1 

The  variation  in  the  calculated  flow  coefficients  in  Table  6  is  attributed  to  a  several  factors.  The  two 
primary  sources  of  variation  are  considered  to  be  the  error  of  the  ultrasonic  flowmeter  and  the  calibration 
bias  of  the  pressure  sensors  (when  the  fire  main  pressure  changes).  Without  these  two  sources  of  error,  the 
true  variation  in  flow  coefficient  is  probably  less  than  ±10%.  This  true  variation  includes  non-ideal  effects 
due  to  upstream  disturbances,  flow  rate,  and  valve  geometry  variations.  This  testing  indicates  that  the 
variation  in  flow  coefficient  for  the  Vanessa  valve  is  small,  and  can  be  incorporated  into  the  margin  for  the 
differential  pressure  setpoint.  As  a  result,  restrictions  which  may  limit  installation  locations  and 
correction  factors  for  flow  rate  and  fluid  property  variations  do  not  appear  to  be  required. 

Based  on  the  results  of  the  hydraulic  characteristics  tests,  the  uncertainty  limits  for  the  sources  of  error  arc 
estimated  as  follows: 


Random  fluctuations: 
Calibration  Bias: 
Day-to-Day  Drift 
Flow  Coefficient 


±0  10  psi  or  equivalently  ±13  gpm  at  100  gpm  or  ±39  gpm  at  500 
gpm 

±0.40  psi  or  equivalently  ±50  gpm  at  100  gpm  or  ±10  gpm  at  500 
gpm 

±0.50  psi  or  equivalently  ±64  gpm  at  100  gpm  or  ±13  gpm  at  500 
gpm 

±10%  or  equivalently  ±10  gpm  at  100  gpm  or  ±50  gpm  at  500 
gpm 


The  day-to-day  drift  docs  not  affect  the  operation  of  relative  hydraulic  resistance  logic.  Therefore  the 
uncertainty  of  the  flow  measurement  for  the  fire  main  smart  valves  is  approximately  ±53  gpm  at  100  gpm 
and  ±5  1  gpm  at  500  gpm.  These  results  are  consistent  with  the  specifications.  The  setpoint  for  the  relative 
differential  pressure  may  need  to  be  increased  to  reduce  the  sensitivity  that  could  cause  inadvertent  valve 
closure  (false  alarm). 


9  The  uncertainty  attributed  to  each  of  these  factors  could  be  reduced  by  using  different  signal  conditioning 
methods,  improving  calibration  practices,  and  implementing  self  compensation  algorithms.  However  this  is  not 
needed  for  rupture  detection  on  the  SHADWELL  fire  main. 
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Rupture  Tests 

de,eRzr;rje:P“  :  vr  »-  - * 

was  restored  to  the  system.  Hydraulic  resistance  iL;  h  !VCS  started  t0  dose  and  when  pressure 
rupture  is  detected  and  the  smart  valve  is  on  the  ruplureTath $  d  t0  ^  iS°late  *  rupture'  If  a 
schedule  programmed  in  the  valve  microprocessor  The  runw  J  !$  detfmmed  bY  the  time  delay 
flow  direction  the  valve  closing  stroke  time  and  the  restive  En  ft  Y  f *edule  is  a  *“**»  of  the 
For  the  initial  SHADWELL  installation,  the  rupture  time  deli^h  7f  l  °  *  **  °PeratinS  P^POO- 

P  a  “  ““  0f  ,h'  teis  fo'  hydraulic  resist  * 
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Figure  6.  Closure  Time  Delays  for  Fireman  Smart  Valves  During  Initial  Rupture  Tests 

Pressure  traces  have  been  measured  for  several  rupture  tests.  In  this  report,  pressure  data  is  shown  for 
two  ruptures  in  the  Operations  Office.  Figure  7  contains  the  data  with  fire  pump  2  operating,  and  Figure  8 
contams  the  data  with  fire  pump  1  operating.  With  fire  pump  2  operating,  the  rupture  was  isolated  in 
about  90  seconds  (with  2-23-1  closing  after  60  seconds  and  1-26-1  closing  after  90  seconds)  This  65 
second  rupture  event  contains  the  following  breakdown  of  time  periods: 

15  second  delay  for  rupture  detection  (3-5  seconds  for  pressure  decline  and  10-12  seconds  for  80 
sample  rolling  average), 

►  15  second  time  delay  for  2-23-1  and  45  second  time  delay  for  1-26-2  from  Figure  6, 

*■  15  second  valve  closing  stroke,  and 

15  second  time  period  for  2-23-1  and  15  second  time  period  for  1-26-1  unaccounted  for. 
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me  unaccounled  time  is  aftnbuled  to  software  programing  errots  with  «he  ,ime  delay... 

■  JK2SXT  de,eC“0"  (3'5  """*  for  P*™  **»  and  ,0-12  seconds  for  80 
•  15  second  SedoAgarS.'  ^ ^ XC°"4 de'ay  f°r  ''26‘2  frora  F«ure  «, and 

ddayjot™  ™  .^"Med.  First,  the  re.iahi.ity  of  the  time 

seconds.  Second,  rapture  detection  methods  ntiiS  mtL  be  ™fi  af^T  repeatable  to  “*>*>  1  or  2 
seconds  of  the  initiating  event.  Subsequent  testing  1  aT'  **  n,pture  a  few 

by  correcting  the  valve  software  With  the  current  1st  c  ay  “  *  calculated  reliably 

conditioning,  rapture  detection  times  can  be  reduced  h  *  °  '1C  smart  valve  da,a  acquisition  and  signal 

°f  n  s  tsZ^  ^  *"*"  fOT  d«Mi»"  a"d  red„?i” 

SHADWELL  installation.  P°SS,ble  eilha,lccmc"‘  »  under  consideration  for  the 

main  rapture  isolation  timfnsh,gnhydmlicn'r2Lan«'  k,tc  is SUbS':<,U“,  analysis’  ,llc  best  achievable  fire 
hme  can  be  reduced  to  less  than  30  seconds  based  on  die  follies mp'ta  "°"S  ^  ^  isoM»" 

•  Two  fire  pumps  opcratiifg  (which  a^' not ^aamT^cVother)5  ^  f‘re  n,ai"  l0Op)' 

•  Ten  second  valve  closing  stroke,  J  cent  to  each  other), 

“rs^^ion^  mtC™'S  •  a"d 

“be  “  ctSgaroL^TihfsSn^On^i'ho  !a|SeC°”d  C'°f S  S‘r°kC'  ncishbon"S  .mart 

confidence  in  one  to  two  seconds.  enhanced  to  permit  detection  with  a  high  level  of 

icss' "d  IT dClay  f0r  'SO,a"“ -V be  reduced  to 
30  seconds  for  top  configurates  7s  o  “  crS  nrar^h  RCdUC'"8  ,$°'a,">”  -ban 

delays  may  be  unreliable.  d  practlcal  because  coordination  of  shortened  time 


time  delay  error  idcn.ificd'in  this'lcst  Iws” bUnSS^I^<S>^d„,^II-lrl i7<,VCflcnl  isola,,on  of  intact  sections.  The 
1C  dclays  arc  rcPca«ablc  to  within  a  few  seconds  '  > "'8  '  “  sofiwarc  Subsequent  testing  l.as  shown 
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Pressure  (psig) 


Smart  Valve  1-26-2 


Figure  7. 


Smart  Valve  2-23-1 


Time  After  Rupture  (s) 

Pressure  Traces  for  Operations  Office  Rupture  with  Fire  Pump  2  Operating 
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Figure  8.  Pressure  Traces  for  Operates  Office  Rup,„rc  Fire  P„,„p  , 


Operating 


Vital  Load  Test 


A  flow  path  is  installed  in  the  forward  cross-connect  in  the  test  area  to  simulate  magazine  sprinkling 
which  is  considered  a  large  vital  load.  Flow  is  actuated  from  the  Control  Room  using  an  air-operated 
valve,  and  the  flow  is  restricted  with  a  1.43-inch  orifice  (in  a  4-inch  pipe).  The  results  of  one  vital  load  test 
is  shown  in  Figure  9.  Fire  pump  2  is  operating  and  smart  valve  2-12-4  is  closed  to  direct  flow  in  a 
counterclockwise  direction  only.  The  differential  pressure  increases  above  its  relative  setpoint  (0.40  psig  + 
AP baseline)  but  the  system  pressure  remains  above  50  psig  and  a  rupture  is  not  detected.  Based  on  this  test 
data  and  using  a  flow  coefficient  of  160  gpnWpsi,  the  magazine  sprinkling  flow  rates  for  different  fire 
main  pressures  are  calculated  in  Table  7. 


Table  7 

Magazine  Sprinkling  Flow  Rates  on 
SHADWELL  Fireman 


Fireman  Pressure 
(psig) 

Magazine  Sprinkling 
Flow  Rate  (gpm) 

60 

245 

70 

266 

80 

283 

90 

301 

100 

317 

29 


Smart  Valve  1-26-2 


Time  After  Actuation  (s) 


Time  After  Actuation  (s) 


Time  After  Actuation  (s) 

Figure  9.  Pressure  Traces  for  Magazine  Sprinkling  AetuaCion 
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Small  Leak  Test 


Even  though  the  concept  smart  valves  on  the  SHADWELL  fire  main  were  not  designed  for  small  leak 
detection  a  test  was  performed  to  determine  the  feasibility  of  applying  the  differential  pressure 
measurements  for  leak  detection  of  shipboard  fluid  systems.  The  objective  of  the  small  leak  test  was  to 
determine  if  any  significant  changes  m  differential  pressure  measurements  are  detected  for  flow  rates  as  low 
as  10  gpm1  A 

The  operating  alignment  for  the  test  consisted  of  closing  fire  main  valve  2-12-4  and  operating  fire  pump 

19  f  flt°Yattem  was  esf lished  ^  operating  two  1-1/2  inch  nozzles  from  fireplug  2 

.  9  ??  *  this  alignment,  flow  was  routed  from  the  upstream  to  downstream  sides  of  smart  valves  1-26-2 
and  2-23-1,  and  flow  remained  stagnant  in  smart  valve  2-17-1.  Flow  rate  was  measured  using  a  turbine 
flowmeter  installed  in  the  fireplug  piping  and  was  adjusted  from  stagnant  (zero  flow)  conditions  to  85  ^m 

j  «-The+dl,fferential  pressure  ^  flow  rate  measurements  for  the  test  are  shown  in  Figure  10  The 
differential  pressure  measurements  shown  are  based  on  a  rolling  average  of  40  measurements  (which 
corresponds  to  about  5  seconds  of  data).  An  initial  observation  indicates  that  pressure  conditions  7*e 

r  *  .  afe  "  f  StCady  as  the  flow  editions  in  the  fireplug  piping.  Also,  the  short  surge  in  flow 

rate  to  eject  air  at  about  70  seconds  into  the  test  was  detected  at  smart  valve  2-17-1  only  An  initial 

bedemctoieVa  Uatl°n  °f thC  ^ traCCS  'n  Fi§Ure  10  'S  ^  Pr6CiSe en°Ugh  t0  determine  small  leaks  would 

The  average  differential  pressure  for  the  three  smart  valves  have  been  calculated  for  each  flow  rate  and 
the  results  are  shown  in  Table  8.  Using  equation  2  and  an  apparent  flow  coefficient  of  160-gpnWpsi  the 
smart  valve  flow  rate  was  calculated.  The  results  in  Table  8  show  that  flow  rates  less  than  20  gpm  were 

valve  2  23  1^!^  ^  fi* 1?1  Th‘?  FCSUlt  >S  considcred  consistent  with  stagnant  conditions.  At  smart 

i2?3*,  ’  ,  8  lin  flow  rate  as  low  **  1 1  8Pm  wcrc  detected  but  the  error  in  the  calculated  flow  rates 

are  relatively  large.  The  error  in  detected  flow  rates  range  from  a  low  of  5  gpm  at  85  gpm  up  to  18  gpm  at 

64  gpm  For  smart  valve  1  -26-2,  error  m  detected  flow  rates  ranged  from  2 gpm  at  gfjto  ^pmat 


‘ ' ..Smec  the  fluctuations  in  differential  pressure  measurements  arc  greater  than  the  steady  signal  for  low  flow  rates 

accurate  Zfr i1fpr0CCSSII,<s  ,nc,h<^S  C0l,ld  *  aPPlicd  dampen  the  fluctuations  and  provide  a  more  ' 

accurate  quasi-steady  flow  rate  measurement  However,  such  improvements  in  measurement  methods  were  not 

S H A D WE L L CCSS< ' ^  ^  dC,CC“0n  and  ,hcrcforc  "crc  not  incorporated  in  the  first  smart  valves  on 

12  With  a  pipe  capacity  of  600  gpm,  this  flow  rate  corresponds  to  1.7%  of  the  pipe  capacity. 


AP  (psi) 


Calculated 
JlIowig£m}J 


AP  (psi) 


Calculated 
Flow  (gpm) 


2-17-1 


AP  (psi) 


Calculated 
I  Flow  (gpm’i 


IS  not  centered  to  be  appropriate  because  of  the  rela riv*  1™  ^  ",th  lh,'s  ** 

process  vanattons  are  large  compared  to  the  s„|t  f  <mcenamt.es  involved.  In  particular,  the 
to  test,  the  process  variations  may  not  be  col, e  et  Id  ^  ^ the  ^'“8  Period  usi  in 

may  be  included  in  the  average  measurement  Also  sliehttariaT" ^  period  md  a  ^  error 

the  range  of  flow  rates  and  installation  locations  and  2£ ioZ d T  “  ^  °0efficient  are  exP^  over 
these  variations.  Nevertheless,  the  conditions  at  the  smart  3  COnf,dered  ne«*sary  to  account  for 
mam  and  these  process  variations  need  to  be  cons, del  fo"  ^  °f  “  Sl"pb°ard 


this  test  are  insufficient  to  determine  the  performance  SSifr"  7  Td  fluid  SySKms  ^  results  of 
expected  that  flow  measurement  accuracy  1  +6  gnTtwS  r  7  ”  approach  H°"cver,  «  is 

attained  with  the  smart  valves  installed  on  the  ShSdWELL  if  ttedT”^  '°  '%  °f  PIPe  CapacilJ')  can  bc 
for  non-, inear  calibration  characteristics  of  tire  sensori  and  in  I  8  pr0CCSSmS  is  modified  <0  account 
process  variations.  Based  on  experience  with  differed  nm  T  CO"’Plete  Signal  cond,ti°m"e  of 
lowering  the  flow  measurement  error  to  less  than  I  %„fC?  fl°™«crs  (orifice  and  venturi), 

Practical  “  '  7" of  ,l,c  caP«c“y  c«n  be  expensive  and  may  not  be 
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Smart  Valve  1-26-2 


Time  (s) 


Smart  Valve  2-23-1 


o  100  200  300  400 


Time  (s) 

Smart  Valve  2-17-1 


Time  (s) 


Hydraulic  Circuit  Breaker  Test 


would  be  considered  excessive  for  otter  T’  7™  *****  pd°r  t0  isoIation 

alternative  rupture  logic  methods  which  shorten  the  isolation  t  u  °h‘  ^  water-  hvestigation  of 

of  these  fluid  systems.  Different  approaches  are  proposed  *  lmtiated  t0  addr^s  the  needs 

valves  nearest  the  mature kherem  time  dda"3'’  P°'ntS  are  tnSSered  first  at  smart 

fiinction  of  length  of  piping,  amount  of  air  in  the  System'S  lS  d  ^  'T  ^  1  SeC0nd)  md  is  a 
factors.  If  each  smart  valves  starts  to  close  as  soo^n  as  it  dot  Sy  ms)>  s,ze  of  ^P^re  and  other 
would  start  to  close  first.  Near  the  end  of  the  valve  stroke  nr  *  mpture’ valves  nearest  rupture 
sections.  If  pressure  increases  above  the  low  set  point  on  both^vS  Tu  d  ^  t0  reC°Ver  in  intact 
further  from  the  rupture),  it  would  reopen.  P  5  *  deS  °f  the  Smart  va,ve  (those  valves 

Time  Delay  as  a  Function  of  Pressure  Thp  imuAr 

the  break.  Establishing  a  short  time  delay  (1  to  5  secondsTas attract' 1116  mptUre  and  the  lar8er 
that  smart  valves  nearest  the  nature  wouid  stlrtlTngfirs^ * fimCti°n  °f  1 PreSSUre  W°U,d  help  ensure 

at  the  beginning  of  the  stroke  mdlwM  'of thest'rok  ^  of  c'osi"S  a  smart  valve  is  high 

rs  restored  to  intact  sections.  If  pressure  is  inerS  on  £1“  “'b>:Palh  is  ■>">"<«  ">*  Pressure 
reopens  since  it  is  not  nearest  the  rupture  This  approach  e\t  h  m  °  3  Sn.lart  va,ve>  tfle  smart  valve 
system  and  provides  margin  for  valve-to-valve  variations.  6  ^  3y  Inherent  ,n  thc  P'Ping 

valves.  As  a  result,  the  smart  valve  would  dSltakfaT  w  SOftware  removed  from  smart 

-  -* «  rsss 

•  -'ves  1-26-2  and  2-23-1 13. 

few  seconds  and  therefore  tlie  vatve  does  mTstart  tl're|COnd,tl0.nS  Por  smart  valve  2'17^  for  thc  first 

►  Smart  valves  1-26-2  and  2-23-1  close  after  ohn  ,  C  °SC  3ntl  3ftCf  3b°Ut  3'5  seconds- 

►  Smart  valve  2-17-1  starts  to  open  about  l5  to  17  seconT"?  PrCSSUrC  rCSt°red  l° thc  flrc  main 

downstream  pressures  increase  above  50  psig.  d  ^  ’C  mptUrC  when  ^  upstream  and 

profiles^  fonctions  and  valve  closing  stroke 

isolating  intact  pipe  sections.  For  sections  where  iLc  flot  >7, Z  g'°  ‘°  i$°latC  3  mpturc  wit,lout 
the  valve  closing  stroke  profile  ,s  critical  to  cnsZ  Ic  ZZT  f  7  ?  ^  3CCUratc  control  of 
>s  an  area  recommended  for  continued  development  d  'S°  H-vdraulic  circuit  breaker  logic 


peak  tank  used  for  this  nipiurc  sunut'utn^^'^om^  “ki,'kf"  m  "'C  4‘indl  dlscl>apgc  hose  to  the 

careful  selection  of  rupture  setpoints  may  be  used  to  sequence  smar,^ Zc 'ZmcT™  “  dCmons,ra,cd  "ow 


34 


Smart  Valve  1-26-2 


Smart  Valve  2-23-1 


Smart  Valve  2-17-1 


Figure  11.  Pressure  Traces  for  Operations  Office  Rupture  with  Zero  Time  Delay  and  No  Data 
Averaging 


"'2  DCSig"  °f  Dama8e  T°tera"'  ®W~«I  Fluid  Systems  Using  Smart  Valves 

conditions  to'su^oTthe  7  minimum  acceP'.able 

2.  iTntify  Vtall'e^™“vto“^Ul2^'the  f "  ^  CO'“‘"'°"S 

Additional  services  may  be  identified  as  vital  if  thZ  ^ 'a  a  0001151156  the  minimum  conditions 
3-  Identify  the  Required  Recoverv  TW  T  lf  ^  provide  ^.red  redundancy 

can  be  lost  without  degrading  mission  capabX"  iZZ  ^  time  **  a  fluid  system 

influencing  the  design  of  the  smart  valve  configuration  forTfl^  ^  “  important  Parameter 

small  leak  (a  couple  of  gpm)  could  dnmZ  °f  a.Compressor  For  chilled  water  systems  a 
supply/expansion  tank.  The  evaluation  of  leak^l  S°"Slt,ve  6,ectron,c  equipment  or  drain  the 
leak  detection  technology  available  In  general  the  mm  "5'  ^  016  reSponse  time  of  Personnel  and 
based  on  a  tradeoff  competing  (actors  inS  m  2  7 TT  XCepM  “  size  is  detennined 
and  personnel  response.  Foresample  the  minim,,  of  k*  ‘JaJc"on  technology;  supply  capacity 
on  the  supply  tank  capacity  ™  "“T  <*  detemrined  baj 

Personnel  can  correct  the  problem.  (Without  MolZ  dT  7™'°",  ^  2°  minu,cs  “n[il  sl"P 

5.  sz, ,r  sir  “  sr  tyr tc; 20  min“s'°n  loca,,on'  ,,mc  ,o 

restore  operatton  to  vital  services  in  orders  mmM!11'”''  “  IOCat'0”S  isolate  damaSe  md 
credible  damage  scenarios.  In  the  piping  majn  1,mum  acceptable  conditions  following 

damage  (such  as  at  fire  zone  boundaries^  In  hr  f  ^  ^  ***  mSta'led  at  ,ocatlons  to  contain 
-  vrta,  sery,e«  and  -.liftKI  tttSZX 

calculated  fo^  nZaVopZmZV  ^  ?teSfand  should  be 

7.  zvz and smart ana,yses are usc" - 

detection  sensitivity  arc  developed  baVVdTn  thZ'f’  “T  ^  f°r  Va,vc  clo^re  and  leak 
8-  develop  Supervisory  System^  llTcc 

supervisory  system  should  be  developed  Zicct°  tZ'"8  ^  ^  dat3  rCquircd  bv  thc 
supervisory'  system.  P  thc  ovcraI1  functional  requirements  of  the 

Should  “  stcPs  6r  7  and  8,  specifications 

the  smart  valve  performance:  S  "'formation  should  be  included  to  define 

Upstream  and  downstream  pressure  accuracy 

:  t:rcy(flwra,c*h^^ 

S>stcm  pressures  and  temperatures 


.V> 


•  Maximum  valve  flow  rate  and  pressure  drop 

•  With  SUpCrviSO,y  $yStem  (such  38  Press«res,  flow  rates,  valve  positions  and  valve 

•  Additional  sensors. 


The  initial  application  of  this  design  approach  may  be  iterative  so  that  a  valve  manufacturer  can 

valuate  if  valve  specification  can  be  met  with  affordable  technology.  The  constraints  for  smart  valve 

design  can  be  summarized  by  considering  the  following  derivation  of  non-dimensional  constraints  Starting 

with  equation  (1)  and  assuming  that  the  pressure  loss  across  the  valve  is  the  same  “diffeS 
pressure  across  the  valve:  uuicrenuai 


cv  = 


Q 


AP 


(3) 


Introducing  Qmax,  the  maximum  flow  rate  through  the  valve,  and  P,  tire  normal 
equation  ( 1 )  can  be  rearranged  as  follows: 


system  operating  pressure, 


*P£iIfpWfV 
p  QL  f  '») 


(4) 


Equation  (4)  contains  three  non-dimensional  parameters: 

#  Q^Q max  is  the  non-dimensional  flow  rate, 

AP/P  is  the  non-dimensional  differential  pressure  across  the  valve,  and 

•  Cv/Qma.WP(Prd/p)  is  the  non-dimensional  flow  coefficient. 

Equation  (4)  can  be  used  as  a  design  equation  where  (Q/Qmax  )min  is  the  minimum  detected  flow  rate  as 

,P^CI  !  '  e  s>,stcni  csigner,  (AP/P)m,n  is  the  minimum  detectable  differential  pressure  as  determined  by 

MD  COnV“S'0n'  “d  Si6ral  ““«»**  used) 

oe  ticicnt  should  be  less  than  the  resulting  ratio  to  meet  system  requirements: 


C~  P 


)2 

"  max 


'ref 


(q/q 


(5) 


he  d  ,  Cr“Cna  CqUa''°n  5’  Cilhcr  a  d,fforem  *»ld  be 

)rfUrCSC"SI,,v,,>  *°”M  be  in.  proved  by  the  valve  manufacturer,  the  svstem 
designer  should  relav  the  leak  requirement  or  a  flow  meter  separate  from  the  smart  valve  should  be  used 

4.3  Areas  of  Continuing  Work 

A^rr  rPCrfV?  WOrk  bctwccn  valvc  manufacturcrs  and  the  Naw  is  needed  to  ensure  that  DC- 
of  .  r  VC  ‘CChn0'°f  ls  su,tablc  for  deployment.  The  development  should  focus  on  providing  a  set 

existing  fluid's  <  “p  '  f*  ^  sh,pbuiIdinS  Commumt>'  for  new  ship  design  and  back-fit  of  some 
existing  fiuid  s\  stems.  I  articular  areas  for  continued  development  arc  as  follows: 
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Expand  Hardware  Selection  for  Rupture  Detection 


At  this  time,  DC-ARM  smart  valve  has  been  demonstrated  only  for  the  Tyco®  Vanessa  valve  and 
«.h  solenoid  operator  for  Centronics  cooling  appl.eations  andTC  Si 

nST  f  T  ExpandinS the  DC'ARM  smart  valve  concept  to  other  actuator  m^delsS 

,  ^  For  example  implementation  with  a  pneumatic  actuator  could  be  used  to  demonstrate  raoid 
closure  and  reduce  the  dependence  on  electric  power  (only  low  power  DC  current  k  \Z2Tr  P  , 

network  transceivers).  Implementation  on  different  valve  models  is  needed  to  demonstrate  ^pabihw  for 
oto  shipboard  fluid  system  applications.  f„  general,  the  concept  is  limited  by  theS  ^  i°e 

STma;°SrS Va'W  AS  3  *  -  a  <4  port  JI^Tdc! 

definedadpSTef  ‘“If?™’5  are  ^eloped,  the  limits  of  the  smart  valve  hardware  concept  can  be  better 
d  Paad  ,  d  '"g  llle  llmits  of  oipturc  and  leak  detection  based  on  the  current  data  is  uncertain  Different 
me  hods  to  amplify  and  process  the  pressure  signals  may  improve  the  sensitivity  of  the  differential  pressure 

“ IT™  b^  r?,r,Ca‘i0"S  5 the  insidc  s"rfa«*  of  some  high  flow  coefficient 

“  “  Pf  ba"  yo'vo)  may  prov,de  local  pressure  variations  which  can  be  used  to  measure  flow  rate 
on  e  initia  testing,  inexpensive  commercial  pressure  sensors  can  provide  sensitive  “fluid  signal 

m«eCrb""y  bC  “d  ^  Po^arice^S^l^rJ 

Provide  Additional  Test  Platforms  for  DC-ARM  Smart  Valve  Demonstrations 


.  I°feXpan.d  thC  S°ft^ar^  and  hardware  development,  demonstrations  of  the  DC-ARM  smart  valve  should 
c  performed  on  test  platforms  in  addition  to  the  SHADWELL  fire  main  The  SHAHWFi  i 
svstem  and  pmioz-i/ii  i  *  i  n  j  e  oriAOWELL  water  mist 

for  compressed-air  uT  31  ^  "iain  SyStemS  arc  Possibilities.  Demonstrations 

nl^r  P  l-  i  ^  ^  Y  CmS  Sh°uld  bc  cons,dcred.  Effort  should  be  focused  on  demonstration 
platforms  which  expand  the  capabilities  of  current  hardware  and  software. 

Design  and  Implement  a  Smart  Valve  System  for  a  Fireman  Aboard  an  Active  Ship 

fhe'sHADWEIXte  ‘"“d  ^  ^  COnCep'  f°r  mplure  de,ec,io"  and  Elation  «n 

Fire  a  Hce  L  f  m  1  ready  f0r  pr0,0'VPc  implementation  on  an  aclive  duty  Navy  ship 

“  bHe  derloped  based  on  °vera"  aad 

requirements.  The  design  would  identify  smart  valve  locations,  required  closing  limes  rupture 

reliability  rZdZTnts PreSSUre  dr°PS’  raaximUm  flow  rales-  shiP  environmental  and 
reliability  requirements  and  interface  requ, cements  for  the  supervisory  control  system  Based  on 

spec!flc'mkinsnaheVNavvSPeC'M:a<'0t1S  ““T  prepared  for  valve  ™nufac«urers  Based  on  these 

dSkns  Foilowinn  L  h  ,  *“  ““  f  “*  °ne  °r  m0re  suppliers  their  smart  valve 

designs.  following  installation,  a  test  and  evaluation  program  could  be  used  to  identify 
improvements  that  might  be  needed.  identity 


38 


Develop  Leak  Detection  Methods 


The  use  of  commercial  pressure  sensors  embedded  in  a  smart  valve  is  a  cost  effective 
alternative  to  installing  an  industrial  flowmeter  or  commercial  leak  detection  system. 

evelopment  of  accurate  flow  measurement  hardware  and  software  using  the  DC-ARM  smart 
valve  concept  should  be  pursued.  The  development  would  involve  a  systematic  evaluation  of  the 
sources  of  error  for  the  pressure  measurement  techniques.  In  particular,  diagnostic  tests  in  a  flow 
aboratory  are  needed  to  establish  reliable  estimates  of  instrument  corrections  needed  to 
substantially  reduce  fixed  errors  such  as  attributed  to  day-to-day  variations  and  non-linear 
calibration.  Once  sources  of  fixed  errors  are  minimized,  standard  signal  processing  methods  can 
be  applied  to  reduce  the  errors  attributed  to  random  fluctuations  [13],  Close  cooperation  with  the 
valve  manufacturer  is  needed  because  the  methods  applied  are  closely  linked  to  the  hardware 
selection  for  the  valve  body,  pressure  sensor,  analog-to-digital  converter  chip  and  digital  signal 
processing  used.  In  general,  this  development  effort  is  considered  to  be  low-risk  but  time  is 
needed  for  evaluation  of  the  data  and  redesign  of  the  circuit  boards. 


Develop  Hydraulic  Circuit  Breaker  Logic 


Development  of  process  methods  and  associated  software  to  very  quickly  detect  and  isolate  a 
rupture  has  wide  commercial  applicability.  The  general  approach  to  develop  the  logic  involves 
pe  ornung  calculations  to  match  (1)  time  delay  versus  pressure  functions  with  system  pressure 
decay  transients,  and  (2)  valve  closing  rate  versus  position  functions  with  system  repressurization 
transients.  Based  on  the  results  of  these  calculations,  a  concept  valve  can  be  developed  and  tested 
to  determine  the  performance  capability. 

5.0  Conclusions 


Fireman  Smart  Valve 


The  DC-ARM  reflexive  smart  valve  architecture  tested  on  the  SHADWELL  is  ready  for 
prototype  installation  and  evaluation  on  an  active  duty  ship.  The  valve  for  prototype  installation 
can  be  a  Vanessa  model  as  installed  on  the  SHADWELL.  Alternatively,  other  valves  designs  may 
be  considered  providing  that  hydraulic  characteristic  tests  are  performed  with  embedded  pressure 
sensors  to  confirm  flow  measurement  capability.  A  different  actuator  would  be  needed  to  ensure 

reliable  val  ve  operation  over  an  extended  evaluation  period14.  Qualification  of  the  circuit  boards 
embedded  in  the  actuator  (for  shock,  vibration,  and  environmental  conditions)  would  be  required. 


'4  Tyco  personnel  indicate  that  the  existing  valve  control  board  design  can  be  used  with  several  actuators  suitable 
for  extended  shipboard  service.  Furthermore,  the  control  board  can  be  used  with  different  network  protocols. 
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A  system  design  would  be  needed  to  identity  suitable  7 C  7  detection  and  isolation 

ttme  delays.  Based  on  evaluation  of  cu™t  data  bra7h  7  k>C“i°nS'  setpoin,s  and  closure 
seconds  and  main  loop  ruptures  could  be  isolated  withh,' an  “  T  d  be  'Solated  withi"  15 
software  on  the  SHADWELL  would  be  needed  to  ,t  r  *  Modifications  to  the 
algonthm  and  to  ensure , ha,  timing 

f  v  o  m  it i 


Expanded  Hardware  and  Software  Capability 


valve  C0ncept  be  applied  <°  a  wide  variety  of 

ball  valves,  and  some  butterty  (S'r  “  ^  v"  “  Wi*h  *,0be  va,v«-  reduced  po« 
measurements  may  be  sufficiently  accurate  for  both  nit  T™  d)’  differential  Pressure 
For  valve  des.gns  with  the  highest  flow  coefficient  (such T"  S°me  ,eak  detection 
the  range  of  flow  detection  may  be  limited  Hn  -  B  VaIveS  and  M  Port  ba»  valves) 
surface  of  the  valve  in  the  vicLtJ  ^  P°SSib'e  t0  **  -side 

differential  pressure  measurement.  P  t0  improve  the  sensitivity  of  the 

The  existing  pressure  sensor  data  indicate  that  c  •. 
practical  for  smart  valve  implementation  ^  mpture  ,0«ic  -*hods  may  be 

or  communication  following  damage).  One  approach  for  t"'  S,eCt'ons  and  Wlt,1°ut  the  need 
the  pressure  sensors  “to  listen”  for  signals  EX  h  ^  qU'  '  mptUre  deleclion  would  use 
different  triggering  mechanisms  to  inSe  Xe  cto T' "TT™*  ? ?  ™P'Ure  A  of 

closure  stroke,  niptures  may  be  isolated  withou isXinTL  7*  By  adjusti,1S  the  valve 
implementation  of  modified  commercial  leak  detecrion  me  h  h  P'Pe  ?C"0ns  For  smal1  leaks. 
valve.  Since  commercial  leak  detection  methods  X  ,m  "7  be  PraC,ical  for  *h<= 
these  methods  would  be  needed  to  separate  applicable  Poriio7"ari  v'alve’  °f 

r—t  •  «  « 


Fluid  Systems  Other  Than  Fireman 


f.W-  other  than  the  ftre  main, 
rupture  isolation  and  accurate  flow  measurement  nThnde  f  f"?kf  methods  for  fasl  acting 
practical  approach.  For  fuel  systems  hydrocarbon  sense  °r  ^  detect'on  may  be  used  as  a 
detect  very  small  leaks  '  J  b  sors  maf  Provide  a  cost  effective  method  to 


Further  Development  Work 


conC7io777,ee,'  ” Add'' X’  ,dehVe'0p,,’8  sman  valve  hardware 

accomphshcd  with  continued  cooperative  workinuamn^I  u  ^  development  can  be 
valve  manufacturers.  This  cooperation  between  mat' fT betWCen  Navy  technical  staff  and 

cont.nuat.on  of  the  current  DC-ARM  program  aCtUrers  and  the  Navy  would  be  a 
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